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tage One

. TYNOPSIS

In the second quarter, cathodic protectlon studies on the
samples of 2024 and 7075 alloy plate prepared to represent a
range of susceptibllity to stress corrosion were continued;
the new anodic polarization technique described earlier was
investigated further; the samples were examined metallographically
with the electron microscope using the thin foil transmission
technique and with the light microscop.; and magnetic susceptibility
measurements were made,

The electron microscopi~s examinations emphasize the
complexity of the structures of both 2024 and 7075 alloys. They
also emphasize the difficulty involved in isolating and reproducing
even the simplest features of these structures. Features ranging
from an initial clustering of atoms to the formation of final
equilibrium precipitate are evident. Electrical conductivity and
magnetic susceptibility .:easurements were investigated for
following the development of these features. The evidence suggests
that magnetic susceptibility may indicate a somewhat earlier stage
of solid solution decomposition than electrical conductivity.

Jome of the difficulties anticipated in the cathodic
protection studies have been encountered. The corrosion of
specimens in salt solution under conditions of total immersion
is much too slow to permit convenient establishment of cathodic
protection. More corrosive solutions will be required. Also,
it may be necessary to use specimens taken in a more susceptible

direction.
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INTRODUCTION:

This report summarizes work during the period of March 1,
1964 to May 31, 1964. In this period, 625.5 man hours were spent
on the contract., The work consisted of a continuation of the cathodic
protection studies and the anodic pclarization measurements described
earlier; an evaluation of the stress corrosion performance of the
various samples of 2024 and 7075 alloy plate that were prepared to
reflect a range of susceptibility to stress corrosion; a metallographic
examination of these samples with the electron microscope using the
thin foil transmission technique and with the light micrcscope; and
finally, the measurement of magretic susceptibility and electrical
conductivity.

MATERIALS:

Samples of the 1/4-inch thick 2024-F and 7075-F alloy
plate from regular plant production were solution heat-treated in
the laboratory and quenched in cold water or in boiling water. 3Samples
with each type of quench were then na*turally or artificially aged to
produce 2024-T4 an. -T6 and 7075-W, -T6, and -T73.

The results of tensile tests and of standard stress
corrosion tests by alterrate immersion in 3-1/2% NaCl solution are
summarized in Table I. As is evident, none of the specimens have
failed in the alternate immersion test at the end of eight weeks.
Previous work suggests that some of these specimens will fai. before
completion of the 12-week test period normally used. Specimens that
do not fail during the total test period will be compared on the

basis of the loss in tensile strength.
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There is little question that these materials reflect
the wide range in resistance to stress corrosion desireu :ven though
this range has not been detected in the standard corrosion test.
Practical experience with standard products in tempers represented
by the samples demanstrates this point as do the metallographic
examinations and electrical conductivity measurements made upon the
samples.

CATHODIC PROTECTION STUDIES:

Cathodic protection was proposed as a method for
establishing the potential of the most anodic .egion in a corroding
specimen. In theory, cathodic protection is complete when a
specimen is cathodically polarized to a potential equal to that of
the most anodic region. At this potential. electrochemical corrosion
should cease.

Tests were made on both unstressed and stressed sub-size
tensile specimens immorsed in 1 N sodium chloride adjusted to pH
4 and pH IC. The ccurse of corrosion was then followed by measure-
ment of electrical conductivity as described earlier,

Unfortunately, the rate of corrosion in the solutions
selected was so slow that it was difficult to determine the minimum
potential required for complete protection. For example, specimens
changed only 3X in electrical conductivity after exposure for 30
days in 1 N sodium chlori." = "ut.on at pH 4,

This rather slow rate of corrosion reflects several
conditions. It reflects the fact that specimens were exposed by
total immersion rather than by alternate i1mmersion which 3ccelerates
attack. It reflects the fact that specimens were taken in the long

transverse direction rather than i1n the more susceptible short
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transverse direction. Finally. 1t reflects the fact that the
solutions themselves were not inherently corrosive enough.

METALLOGRAPHIC EXAMINATIONS-

Electron micrographs :1llustrating the structures of the
four samples of 2024 alloy plate and the six samples of 7075 alloy
plate are presented in Figures 1 - 10. The structures cre described
in considerable detail in the captions of tnesec figures. Figures
11 - 12 are conventional light micrographs at 500X.

These micrographs provide a striking illustration of
the complexity of the structures cf 2024 and 7075 alloys. They
also emphasize the difficulty that will be involved in isolating
and reproducing any features of the structures to provide a
simplified electrochemical model, as proposed in the contract.
Certainly, the initial work i1n this direction should be restricted
to the simplest structures. WVith little question, these structures
are found in the as-quenched samples. The structure of a cold
water quenched sample approaches most ciosely that of an ideal,
single phase solid solution. The structure of a boiling water
quenched sample contains considerable precipitate. But, this
precipitate, by far and large, 1s in an advanced stage. For
the most part, intermediate transition precipitate and still
earlier stages of 1ts formaticn, such as zones, are missing, or
at least, present in relativeiy smail amounts As artificial
3aging proceeds, the structure tends to become more and more
complex reflecting the development of larger amounts of zones

and transition prezipitate
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Some attention, perhaps, should be given to differences
in the structures of 2024 and 7075 alloys. The most obvious |
difference is the greater tendency for precipitate formation with
decreasing quenching rate in 7075 than in 2024 alloy. This greater
quench sensitivity of 7075 alloy is well known. Nonetheless,
the electron micrographs illustrate the difference very well.
Another important difference is the much greater tendency for 7075
alloy to form zones. The most obvious difference between the -T6
and -T73 tempers of 7075 alloy is in the number and size of these
zones; this difference is reflected in a substantial difference in
stress corrosion performance.

MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Magnetic susceptibility measurements are summarized
in Table II together with electrical conductivity measurements
for comparison. This comparison is shown more clearly in Figure 13,
In wne proposai. the possibility of utilizing some
of the newer tools for evaluating metallurgical structure was
suggested., One of these tools is magnetic susceptibility. The
significance of the magnetic susceptibility of aluminum alloys is
still being explored. In many respects, magnetic susceptibility
is comparable to electrical conductivity. Like electrical
conductivity, it is sensitive to phase changes, and it can be used
to follow the decomposition of a solid solution in aluminum alloys.
When solute atoms are precipitated, more conduction electrons
become available, 2nd the greater availability of these electrons
results in an incs :ase in both conductivity and magnetic suscept-
ibility. On -he >ther hand, magnetic susceptibility, unlike

electrical conductivity, i1s not affected by factors such as residual
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or applied stress.

As plotted in Figure 13, the data for both alloys suggest
a direct, or nearly direct, proportionalit; between electrical
conductivity and magnetic susceptibiiity for samples quenched at
the same rate. Within the limits of experimental error, th data
for 2024 alloy could have been plotted without showing an effect
of quenching rate. There is some question, therefore, whether the
relationship between electrical conductivity and magnetic suscepti-
bility for the two alloys differs 1n degree or in kind.

A direct proportionality suggests; of course, that the
two factors are affected by, or sensitive to, the same structural
conditions that result from decomposition of a solid solution. On
the other hand, the two curves for each alloy representing the two
quenching rates suggests the introduction during quenching of some
structural condition that affects the two measurements differently.
It is informa*tive to consider briefly what this condition might be
even though it is to be emphasized that the limited data available
by no means provide conclusive evidence for it. One possibility is
that the difference is related to zdne formation. The slmplest-
argument that can be proposed is that both electrical conductivity
and magnetic susceptibility reflect the formution of precipitate,
but that only magnetic susceptibility reflects zone formation.
Alternatively, it can be argued that zone formation leads to an
increase in both conductivity and susceptibility, but that the
increase in conductivity is, at least partly cancelled because

of the effects of lattice strains associated with zone formation.
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Some evidence for these possibilities is provided by
the fact that zone formation is more pronounced in 7075 allcy
than in 2024 alloy. This difference is 1in aqreement with the
fact that tne curves for 7075 alloy are displaced to a significant
degree while those for 2024 alloy are displaced to only a negligible
degree although they are displaced in the proper direction. Further
evidence will require a more thorough examination at higher magni-
fication to resolve zone formation more clearly than in the micro-
graphs in Figures 1 - 10,
ANODIC POLARIZATION STUDIES:

Anodic polarization curves for the four samples of 2024
alloy and for the six samples of 7075 alloy in 1 N sodium chloride
solution adjusted to pH 4 are shown in Figures 14-16. These curves
were established with the scanning technique described earlier.
ithey provine further evidence of the ccrrelation of anodic
polarization behavior to stress corrosion performance. Again, the
current density at the intersection of the two branches of each
curve appears to be a measure of susceptibility to intergranular
attack as does the area between the lower branch and the potential
axis,

Attention should again be called to the fact that the
potential level of the upper branch of each curve appears to reflect
the amount of alloying elements in solid solution as does the

conventional solution potential
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FUTURE WORK:

Major attention is being devoted to finding an electrolyte
that produces much faster ccrrosion than the electrolytes used so
far, Possibilities inciude sodium chloride solutions of still
lower pH, sodium chloride solutions containing too little anodic
inhibitor, sodium chloride solutions containing heavy metal
contamination, and electrolytes such as methyl alcohol and carbon
tetrachloride. The anodic polarization technique will be used to
evaluate these solutions as thoroughly as possible because this
technique is somewhat faster than cathodic protection studies. For
some phases of the work, thicker plate that permits short transverse
specimens will be obtained and used to speed up stress-corrosion
cracking.

At this stage, it also seems well to restrict the overall
endeavor somewhat, OSome selection will be made of tempers to reflect
good and poor performance with regard to stress corrosion. This
selection will be restricted to the simplest microstructures
possible.

There is no certainty that the cathodic prot.ction studies
will provide enough information about phases in time to assist in
the preparation of these phases. It turns out, however, that a
great deal of information about these phases ‘s available from the
literature and from work at these Laboratories. It seems desirab’'s,
therefore, to start the preparation of phases almost immediately
rather than to wait further. Hopefully, some of these phases can

be used tc represent at least the simpler possible structures.
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TAELE 1
STANDARD EVALDATION OF SAMPLES

.
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TAHLE 1
D EVAIUATION OF SAMPLES

‘ties
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Transverse Electrical Microscopic 3-1/2% NaCl Sol'n by Alternate I,
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TABLE IIX

RESULTS OF MAGNETIC SUSCEPTIBILITY M

Magnetic
S.No. Alloy Temper Quench Susceptibility x105

306962 7075 W C.W.Q 0.4252
306963 7075 W B.W.Q. 0.4439
30690 7075 -T6 C.W.Q 0.4566
30690 7075 -T6 B.W.Q 0.4539
3069 7075 -T73 C.W.Q. 0.511

3069 7075 =T72 B.W.Q. 0.51

306964 2024 -T4 C.W.Q. 0.4961
306965 2024 -T4 B.W.Q. 0.5095
306966 2024 -T6 cC.w.Q. 0.5504
306967 2024 ~-T6 B.W.Q, 0.5482

Note: (1) CGS magnetic units.




TABLE IIX

~ ULTS OF MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Magnetic Electrical

Quench _Susceptibility X100 (1) Conductivity % TACS
C.W.Q. 0. 4252 27.8
B.W.Q. 0.4449 33.3
C.W.Q. 0.4566  ~ 31.3
B.W.Q. 0.4539 35.5
C.W.Q. 0.511 9.0
R 0.51 21.8
C.W.Q. 0.4961 28.8
B.W.Q. 0.5095 31.2
C.W.Q. 0.5504 36.1
R 02482 35.8

CGS magnetic units.

- e — bl . - —




Figure 1

THIN FOIL TRANSMISSION EILECTRON MICROGRAPH
OF COLD WATER QUENCHED .2024-T4 ALLOY

The numerous particles are dispersoid of an
Al-Cu-Mn phase that is substantially insoluble at
the solution heat-treating tempersture. No precipitate
of a soluble, age hardening phase is evident either

wvithin the grains or on the tilted grain boundary
indicated by "A".




S-NO. 306964

2024-T4 Cold Water Quenched
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Figure 1




Figure 2

THIN FOIL TRANSMISSION ELECTRON MICROGRAPH
OF BOILING WATER QUENCHED 2024-T4 AILOY

The same rmumercus perticles of dispersoid present in
the cold wvater quenched 2024-T4 alloy illustrated in
Figure 1 are also present in this alloy. In addition,
particles of precipitate are present on the three
grain boundaries (particles indicated by "A"). Smaller
precipitate particies (indicated by "B") are present
vithin the grains; these particies are distinguished
from dispersoid particles by their shape and by the

evidence of strain associated with them.
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8-NO. 306965

2024-T4 Boiling Water Quenched

Figurc 2
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Figure 3

THIN FCIL TRANSMISSION ELECTRON MICROGRAPH
OF COLD WATER QIENCHED 2024-T6 ALIOY

 Artificisl aging of the cold water quenched 2024-Th
alloy illustrated in Figure 1 to the -T6 temper has
resulted in considerable precipitation. Three stages
in its development are evident. The precipitate on the
ilted grein boundary indicated by "A" is the final,
equilibrium form. The Widmanstatten structure within
the grains is a transition precipitate. The darker
regions within the grains indicated by "B" reflect the
presence of zones, the earliest stage of precipitate
formation, in which there is clustering of solute atoms

only.
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Figure 4

THIN FOIL TRANSMISSION ELECTRON MICROGR' PH
OF BOILING WATER QUENCHED 2024-T6 ALLOY

A1l features of the cold water quenched 2024-T6
alloy illustrated in Figure 3 are evident:

(1) equilibrium precipitate is present on each
of the four grain boundaries, as indicated by "A";
(2) transition phase precipitate again forms the
Widmanstatten structure within the grains; and
(3) zones indicated by "B" are present. At the same
time, precipitation is more advanced on the grain
boundaries. There is alsc some evidence of depletion
of zones and transition precipitate in regions adjacent

to the grain boundaries, as indicated by "C".
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Figure 5

THIN FOIL TRANSMISSION ELECTRON MICROGRAPH
OF COLD WATER QUENCHED 7075-W ALLOY

A small amount of precipitate is evident on
the slightly tilted grain boundary, as indicated ty
"A". This precipitate is no. present in sheet or
thinner products that are quenched more rapidly. The
rumerous, larger particles within the grain are
dispersoid of an Al-Mg-Cr phase.
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Figure 6

THIN FOIL TRANSMISSION EILECTRON MICROGRAPH
OF COLD WATER QUENTHED 7075-T6 ALLOY

The same mumerous particles of dispersoid present in
the cold water quenched 7075-W alloy i1llustrated in Figure 5
are also present in this alloy. At the same time, the
precipitate (indicated by "A") on the grain boundary is
somevhat larger and there is more of it. There is evidence
of zone formation as indicated at "B"; however, the zones
are relatively small and nct clearly resolved at this

magnification.




S-NO. 306903

T075-T6 Cold Water Quenched
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Figure 7

THIN FOIL TRANSMISSION ELECTRON MICROGRAPH
OF COLD WATER QUENCHED 7075-T73 ALLOY

As compared to the cold water quenched T075-T6
alloy illustrated in Figure 6, this alloy contains
larger rrecipitate perticles on the grain boundary as
indicated by "A". In addition, zones are much more
fully developed; they are evident as small dots
throughout the greins.




nee

ECRCES o

S-NO. 306905

Figure 7




Figure 8

THIN FPOIL TRANSMISSION EIECTRON MICROGRAPE
QF BOILING WATER QUENCHED 7075-W

As compared to the cold water Jucnched 1 75-W
alloy illustrated in Figure 6, this allo, shove a
considerable amount of precipitate within the grains
as indicated by "A". The .ight sp-*s such as that
indicated at "B" are locations wher> constltuent
perticles have been removed froc t'e grain boundary
dur.ng preparation of the speci-en.




7075-W Boiling Water Quenched

Fivure 8
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Figure 9

THIN FOIL TRANSMISSION ELECTRON MICROGRAPH
OF BOILING WATER QUENCHED 7075-T6

The sare coarse preclpitate seen in bolling water
quenched T7075-W alloy illustrated in Figure 8 is also
present in this alley. In addition, fine grain boundary
precipitate indicated by "A" has formed. There is some
evidence of zone formatlon, but as was the case for cold
water quenched 7075-T5 alloy, the zones are not sufficiently
large to be clearly resclved at this megrification. The
light spots indicated by "B" are locatlons where consti-
tuent particles have been removed during preparation of

the specimern.
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S-NO. 306904

7075-T6 Boiling Water Quenched

Figure 9
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Figure 10

THIN FOIL TRANSMISSION ELECTRON MICROGRAPH
OF BOILING WATER QUENCHED T7075-T73

As compared to the boiling water quenched TO75-T6
alloy illustrated in Figure 9, this allo; shows further
growth of grain boundary precipitate indicated by "A".
In addition, the zones, evident as the numerous fine
dots throughout the grains, are more fully developed.
The 1light spots indicated by "B" again are locations
where constituent particles have been removed during

preparation of the specimen.




S-NO. 306906 Mag. 20, 600X
7075-T73 Boiling Water Quenched
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Figure 11

Structure of 2024 as revealed by light microscope.
Longitudinal sections from 1/4-inch plate etched
in Keller's etch. Mag. 500X.

——

a b
2024-T4 cold water quenched 2024-T4 boil water quenched
S.No. 306064 S.No. 306965 '
c d
2024-T6 cold water quenched 2024-T6 boiling water quenched }
S.NO. }%967 :

S.No. 306966

ot srlilh
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Fipure 11




rlgure 12

St.ructure of 7075 as revealed by light microscope.

Longitudinal sections from 1/4%-inch plate etched
in Keller's etch. Mag. 500X.

a d
TO75-W cold water quenched TO75-W boiling water quenched
S.No. 306962 S.No. 306063
b e
TOT5-T6 cold water quenched 7075-T6 boiling water quenched
3.No. 306903 S.No. 306904
c f
TO75-T7T> co’ * water quenched 7075-T73 boiling water quenched
S.No. 306905 3.No. 306906
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Figure 13

Magnetic susceptibility versus electrical
conductivity .amonstrating the proportionality of
the two measurements in following soiild solution

decomposition.
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Ficure 14

Anodic polarization curves for 2024-T4 and -TS.

Rlectrolyte 1 N NaCl, pH 4.0

Pretreatment 20 mirmites at 10
milliamperes per square
centimeter.

Scamning Rate 200 millivolts per mimute
negative direction.
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Figure 15

Anodic polarization curves for cold water quenchzd 7075.

Electrolyte 1 N ™aCl, pH 4.0

Pretreatment 20 minutes at 10 milliamperes
per square centimeter.

Scanmning Rate 200 millivolts per minute
positive direction.
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Figure 16

Anodic polarization curves for boiling water
quenched 7075.

Electrolyte 1 N NaCl, pH 4.0

Pretreatment 20 minutes at 10
milliamperes per square
centimeter.

Scanning Rate 200 millivolts per minute
positive direction.
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